Abstract: The aim of this study was to develop a nano-hydraulic turbine utilizing drop structure in irrigation channels or industrial waterways. This study was focused on an open-type cross-flow turbine without any attached equipment for cost reduction and easy maintenance. In this study, the authors used an artificial indoor waterfall as lab model. Test runner which is a simple structure of 20 circular arc-shaped blades sandwiched by two circular plates was used The optimum inlet blade angle and the relationship between the power performance and the flow rate approaching theoretically and experimentally were investigated. As a result, the optimum inlet blade angle due to the flow rate was changed. Additionally, allocation rate of power output in 1st stage and 2nd stage is changed by the blade inlet angle.
Introduction
In recent years, small-scale distributed hydropower systems utilizing unused water energy in irrigation and water-and-sewage infrastructures are being developed. There have been many researches about hydraulic turbines to utilize effectively small and distributed power systems, Darrieus turbine [1] , gyro-type turbine [2] and others. These turbines are applicable for small stream, irrigation canals and water and sewage. It is thought that this approach could lead to cheaper power generation without environmental disruptions, compared with that produced by the large-scale and centralized hydroelectric plant. In this study we conducted basic experiments using a model turbine to realize waterfall-type turbines [3] that can be easily carried to, and installed on, the places where they are necessary, aiming at the utilization of small water energy. The flow through an impulse-type small-scale hydraulic turbine utilizing a waterfall of extra-low head is simulated by a two-dimensional Moving Particle Semi-implicit (MPS) method [4] and so on. The rotor performance is also analyzed by using the simulated flow field. In previous study, a positional relationship between the water flow and the runner was clarified [5] , and the curved channel was investigated as flow direction control method [6] .
In this paper, therefore, we conducted basic experiments such as measurement of power performance of the turbine and visualization of flow pattern, analyzed models and investigated the influence of the relationship between the blade inlet angle and power performance in order to understand the details of the power generation parameters in cross-flow turbines. In addition, numerical study was performed to clarify the detail of power-generating mechanism in waterfall-type turbine. It is important for improving the efficiency.
Experimental setup and procedure Figure 1 shows an overview of the experimental setup. The experiment was conducted with an artificial waterfall made in a laboratory. The water in the lower tank is pumped up to the upper open channel and flows along the curved channel, then falls into the runners. In order to prevent the water perturbation issuing from the water supply pipe, we placed a sponge under the outlet of the pipe and rectified the water flow by narrowing the width of the water channel and making its depth shallower toward the falling point. The flow rate is controlled by a hand valve mounted downstream of the pump and is measured with an electromagnetic flow meter (Toshiba, LF400 Figure 2 shows a detail of the curved channel. This curved channel allows control of the drop position of the water flow while maintaining fixed runner position. The configuration of the curved channel has a plate positioned tangentially and vertically downward to a quadrant starting at the open channel exit. The curvature radius was R c ¼ 60 mm, the distance between the curved channel and the runner shaft was L c ¼ 85 mm, and the length of the plate of the curved channel was H pl ¼ 300 mm. The origin of the coordinate system is in the center of the channel bottom at the open channel exit, with the x-axis in the horizontal direction, the y-axis along the width direction and the z-axis in the downward vertical direction. The total head length was H T ¼ 710 mm. Figure 3 shows the cross-flow runner, which has a diameter D R ¼ φ200 mm and a width L R ¼ 100 mm. Their basic shape was based on the Banki Turbine Design [7] . The inlet blade angle was altered in 3°increments within the range of 21 β 1 30°, while the outlet angle was fixed at β 2 ¼ 90°in this experiment. The thickness of the blade was t B ¼ 3 mm and the number of the blades was n B ¼ 20. The curvature of blade was changed with the inlet angle from 30.2 mm to 32.6 mm. A stainless steel shaft of φ15 mm was installed through the center of the runner. The power output characteristics were evaluated by measurement of the rotation number and torque of the rotor axis. A powder brake (Mitsubishi Electric, ZKG-YN20) was used for loading, and the brake and torque meter (Ono Sokki, SS-050) were connected to the rotation axis via a coupling. The rotation number was measured with a magnetic detector (Ono Sokki, MP-981). The measurement started from the unloaded state and torque T and rotation number N were measured to calculate output P as the load was increased by the powder brake. The total error of the output power measurement is within 3%. The turbine efficiency η and tip speed ratio λ were defined with eqs (1-3).
where P is the output, ρ is the density, g is the gravitational acceleration, u t is the tip speed of the runner, V F is the velocity of the water flow when it impinges the runner and h 0 is the water level at the origin.
Numerical analysis method and conditions
It is considered here that the flow through the hydraulic turbine is incompressible flow governed by the mass and momentum conservation equations:
where ρ, t, u, p and ν represent density, time, velocity, pressure and kinematic viscosity, respectively. F is the external force such as the gravitational force and the surface tension.
The authors have performed the numerical simulation for a waterfall-type nano-hydraulic turbine by the MPS method [4] . The fluid is discretized by particles, and the particle motion is computed by the Lagrangian method. Equations (4) and (5) are discretized through the interactions between the particles. This study simulates the flow through a cross-flow runner with the particle method.
The interactions between the particles are modeled with a weight function, w, defined by the following equation:
where r is the distance between two particles, and r e stands for a kernel size. The particle number density at the position of the ith particle, n i , is defined as
where r i is the position vector of the ith particle.
As the fluid density remains unaltered in the incompressible flow, the particle number density is required to be constant. The incompressible flow condition in the MPS method is satisfied by maintaining n i at a constant value n 0 .
The Laplacian operator, expressing the viscous term on the right-hand side of eq. (5), is modeled with the weight function. The Laplacian operator at the position of the ith particle is given as
where f is a physical quantity. A parameter Λ is introduced such that the variance increase is equal to the analytical solution:
The gradient operator, expressing the pressure gradient term on the right-hand side of eq. (5), is also modeled.
The gradient operator at the position of the ith particle is modeled by setting the interparticle force at the repulsion to ensure the numerical stability [8, 9] . Thus, the interacting pressure forces between two particles are not antisymmetric, and the momentum is not always conserved.
To resolve this problem, this simulation employs the following model presented by Khayyer and Gotoh [10] . where d is the number of space dimensions, andf i is defined aŝ
Equations (4) and (5) are solved by a semi-implicit method, which is used in the SMAC method [11] . (5) without considering the pressure gradient term. Then, the temporal particle number density n Ã i is computed using eq. (7). Second, the following Poisson equation is solved for the pressure p kþ1 provided that the mass conservation is satisfied or n Ã i coincides with n 0 .
Then, the temporal velocity and the position of the particle are corrected by the obtained pressure gradient.
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The viscous term in eq. (5) and the left-hand side of eq. (12) are computed by the Laplacian operator, eq. (8).
The right-hand side of eq. (15) is calculated by the gradient operator, eq. (10). This study simulates the flow by the two-dimensional MPS method. The computational domain is illustrated in Figure 4 : 3.5 D R in the x direction and 1.51 D R in the z direction. The water thickness t and velocity V 0 upstream of the runner are 10 mm and 3.0 m/s, respectively. In this calculation, the flow is issued from inlet region as a water jet which has flat velocity distribution.
The water jet velocity is set based on the experimental value. The clearance L T is 87 mm at which the highest efficiency is obtained. The simulation is conducted at the conditions of 0.1 λ 0.8. The particles, discretizing the waterfall, are released from the upstream boundary into the computational domain with the velocity V 0 . It is required that the released particles are uniformly arranged at interval l 0 in the horizontal and vertical directions to ensure the computational accuracy. The blade and the runner shaft, which are the solid walls, are also discretized by the particles. The distance between these particles is also set at l 0 /t ¼ 0.099, from the previous numerical simulation result by Uchiyama et al. [4] . The static pressure is given on the downstream boundary (x/D 1 ¼ 2). The traction-free condition is assumed on the other boundaries.
The pressure is set at zero on the free surface. The position of the free surface is detected according to the particle number density. When the particle number density n Ã i calculated at the first step of each time step satisfies the following relation, the ith particle is decided presenting on the free surface.
where β is a parameter of β < 1. The time increment Δt is 5 Â 10 −5 s. The value of r e in eq. (6) is generally chosen at 2 r e /l 0 4 [8, 9] . The value for the particle number density and the gradient operator is 2.1l 0 , while it is 4l 0 for the Laplacian operator [8] . The parameter β in eq. (16) is set at 0.97. It is reported that the simulation of a fragmentation of fluid scarcely depends on the β value in the case of 0:8 β 0:99 [9] . The power performance was evaluated based on angular momentum theory. The details of the power-generating mechanism of the first and second stages (hereafter referred to as 1st stage and 2nd stage, respectively) were determined, which had been difficult to measure experimentally. The efficiency of both stages was also calculated.
Experimental results and discussion
Experimental results Figure 5 shows the power performance for various β 1 angles . The distribution shape of the power performance scarcely changed with difference β 1 . However, the unloaded rotating speed increased, and the η also increased as the β 1 increased in detail. In the experiment, the maximum efficiency η ¼ 0.498 was obtained when
Calculation results
The experimental results show that the turbine efficiency η changes depending on the tip speed ratio λ, obtaining maximum efficiency (η max ) when λ ¼ 0.5. Figure 6 shows visualization of flow pattern at β 1 ¼ 30°, and λ ¼ 0.5. The water flow fell into the runner and impinged the blades. The water passed through inside the runner and hit the blades again. Figure 7 shows the instantaneous distribution of the particles by MPS method corresponding with Figure 6 . Figure 8 shows time-averaged velocity distribution. Most of the water flow hits the blade at the concave side and flows into the runners (position A in the figure). Then the water flow passes through the inside of the runner and hits the other blades again below the runner shaft (position B in the figure). The water flow velocity decreases after passing the blades which indicates that the torque is applied to the runner. Some of the water flow hits the convex side of the blade at position A and deflects to the outside of the runner. As shown in Figure 8 , the water acts on the runner twice, which is a distinctive feature of cross-flow turbine. The region of water flow through the blade outside to inside (position A in the figure) is called the 1st stage, and the region of water flow through the blade inside to outside (position B in the figure) is called the 2nd stage. The intersections of streamline that passes through the center of the water flow with the outer and inner circumferences of the runner were labeled as points 1 to 4 in Figure 9 . Figure 9 shows the velocity triangles of this cross-flow turbine. The output, P 1st and P 2nd at each stage, was calculated using the angular momentum theory based on the absolute velocity and the runner tip speed at each point. The outputs at each stage and the total output were defined as eqs (17-19) as follows: 
Here subscript θ denotes the component in the circumferential direction. The power performances of the difference blade inlet angle β 1 are shown in Figure 10 . The open marks represent the efficiency at each stage, and the solid marks represent the total efficiency. When the inlet angle is β 1 < 27°, the output in the 2nd stage is greater than that in the 1st stage. When β 1 ¼ 27°, both stages produce almost same outputs, and when β 1 > 27°, the 1st stage prevails in output. The torque acting on the blades by water flow was enhanced as β 1 increased because the blades become perpendicular to the water flow with increasing β 1 in the 1st stage. When water flow discharges toward outside of runner blades, circumferential component of the water flow velocity becomes smaller as β 1 is smaller for the 2nd stage. The relationship between the efficiencies on total and each stage and β 1 is shown in Figure 11 . The η of each stage is defined by the ratio of the output of each stage relative to the energy of the entire water. The η of 1st stage is rising with increasing the β 1 . On the other hand, η of 2nd stage has peak point at β 1 ¼ 27°. The mechanism of power generation was revealed. Figure 12 shows the comparison between experimental and numerical results. The calculated value of η is smaller than the experimental value. This may be explained by comparing Figures 6 and 7 , which show that while most of the water flows inside the runners (Figure 6 ), some of the water flow hits the convex surface of the blade and is deflected to the outside of the runner in the particle distribution ( Figure 7 ). There is a tendency in which the smaller the β 1 value, the greater the proportion of the convex side relative to the direction of the water flow, increasing the volume of the flow that is deflected to the outside of the runner. Accordingly, differences between the experimental results and calculations increase as the value of β 1 decreases because the amount of water flowing into the runners decreases. In both cases, the approximation curve shows local maximum values at β 1 ¼ 29°.
Conclusions
This paper examined an open-type cross-flow turbine to determine how the blade inlet angle affects power performance. The obtained results are as follows: 
